Experiments are described that were designed to show the time and site of the contraceptive action of an intrauterine copper device in the rat. The IUD had no effect on fertilization. Progressively fewer embryos survived, the later the device was removed during the afternoon and evening of the 4th day of pregnancy. The presence of the IUD for the first few hours only of embryonic life completely suppressed implantation, causing death of the embryos. Exposure of the pseudopregnant uterus to copper for the same period was unable to affect the decidual response to traumatization. It was concluded that the contraceptive action of the copper is due to the fact that its presence results in an embryotoxic environment which causes the death of the embryos before any noticeable effect on the endometrium. As the embryos are not killed immediately they enter the uterine lumen, it is likely that death occurs at a time in the development of the embryo when it becomes sensitive to the toxins. Such a time could be the period of transition from the morula stage to the blastocyst.
INTRODUCTION
Copper wire placed in the uterine lumen has been shown to be considerably more effective as an antifertility agent than the conventional inert plastic or thread IUD. Thus in rabbits, Zipper, Medel & Prager (1969) showed that a short length of copper is enough to prevent implantation in the horn in which it is placed. In women, Zipper, Tatum, Pastene, Medel & Rivera (1969) have shown that the addition of copper to a plastic 'T'-shaped IUD greatly enhances the contraceptive effect. Chang, Tatum & Kind (1970) demonstrated that copper wire inserted into the uterine lumen of rats and hamsters prevents implantation and showed that the effect is local rather than systemic as the contralateral horn remains unaffected. They concluded that although the copper caused marked sup¬ pression of the decidual response to artificial trauma, the contraceptive action was due to the prevention of development of morulae into blastocysts. In a later paper, transferred copper-'influenced' blastocysts (collected on Day 5 from horns in which copper had been present until Day 4 of pregnancy) into horns of pseudopregnant recipients and obtained successful development. They concluded that the copper does not have a direct effect on the fertilized ova and does not, therefore, interfere with the transition of morulae to blastocysts. Instead it was decided that the contraceptive action is due to 'local modification of the uterine environment such that the blastocyst does not implant'. Zipper, Medel & Prager (1969) were unable to discover if copper affected the spermatozoa, preventing fertilization in their rabbits. Later, however, Polidoro & Black (1970) reported that copper has no effect on fertilization in the rabbit. and introduced the copper into the lumen on Day 1 of pregnancy, after fertilization had taken place, so the possibility that copper affects fertilization in rats has not been investi¬ gated. It has been shown, however, that copper can be toxic to rat epididymal spermatozoa in vitro (Saito, Bush & Whitmore, 1967) .
The aim of the experiments described in this paper was to determine the effect of copper on fertilization in rats and to determine the nature of the contraceptive effect.
MATERIALS AND METHODS

Animals
Mature rats of the Wistar strain were maintained in a controlled light environment (06.00 to 20.00 hours light period) on a diet of Sprague-Dawley Laboratory Chow and water.
Females were caged overnight with males of known fertility and the day when spermatozoa were found in the vaginal smear was designated Day 1 of pregnancy. Mated females were separated from the males and put in fresh cages in groups of not more than six.
Pseudopregnancy was induced in other animals by cervical stimulation using a glass rod on the afternoon of oestrus. This day was called Day 1 of pseudopregnancy so that hormonal events such as the prenidatory release of oestrogen occurred on the same day of both pseudopregnancy and pregnancy.
Surgical methods
Surgery was always performed under ether anaesthesia in clean but not sterile conditions. Instruments were sterilized in an oven at 180°C , and copper IUDs were sterilized by soaking in ethyl alcohol. On the 4th day of pregnancy, the uterus was manipulated as far as possible by hand rather than with instruments to avoid traumatization. This technique was found to be successful.
Insertion and removal of the copper IUD
The copper IUD, which was in the form of fine wire, 0-1 mm diameter, was inserted into the left uterine horn by the method described by Chang et al. (1970) . The horn was exposed through a dorsolateral flank incision and the wire was threaded, using a minute corneal suture needle, through the antimesometrial wall at a position approximately 7 mm below the uterotubal junction. The wire was led along the lumen for 3 to 4 mm and then brought out below the point of entry. The ends were tied together making a ring about 7 mm in diameter, care being taken not to distort the uterus. After cutting it with scissors the wire was removed through the same dorsolateral incision.
The contralateral horn was left intact to serve as a control.
Ovariectomy
Bilateral ovariectomy was performed through dorsolateral incisions by cutting the ovarian bursa and carefully detaching the ovary from the oviduct. In this way, complete ovariectomy was ensured without damage to the oviduct or loss of the eggs. Pregnancy was maintained in the delayed state by daily subcutaneous injections of 0-25 mg progesterone in 0-25 ml sesame oil. Implan¬ tation of delayed blastocysts was promoted by a single subcutaneous injection of 0-1 µg oestrogen in 0-1 ml sesame oil.
Ligation of oviducts
The oviducts were ligated at the uterine end of the uterotubal junction using a 6-0 silk suture. In some experiments, tubectomy was performed to ensure discontinuity, the oviduct being cut immediately proximal to the ligature.
Embryo recovery
To recover embryos before their entry into the uterus, the oviducts were removed and placed in a watch-glass containing Tyrode-saline. Small scissors were used to cut the oviducts into very small pieces and the resulting débris was examined for embryos under a binocular dissecting microscope.
In order to recover morulae or blastocysts from pregnant females, the animals were killed at the appropriate time and each uterine horn was re¬ moved. The horns were flushed separately with Tyrode-saline at 37°C intro¬ duced at the oviduct end using a 24-gauge needle. The flushings were collected in sterile embryological watch-glasses and searched for embryos.
Traumatization of the pseudopregnant horn
The pseudopregnant horn was traumatized to produce a decidual cell reaction by scratching the entire length of the inner antimesometrial surface, using a burred needle inserted through a small hole cut at the exposed proximal end of the horn. The rats used in the studies concerning the decidual cell reaction all weighed between 200 and 240 g.
EXPERIMENTS AND RESULTS
Effect of copper on fertilization
The copper IUD which had been inserted 2 or 3 weeks before mating was removed on Day 1 of pregnancy from the uteri of five rats. The animals were killed on Day 10 and autopsies were performed.
The mean number of implantation sites in the IUD horn (5-8) was not significantly different from the mean number (4-6) in the control horn (P< 0-05). Similarly treated rats were killed on the 2nd day of pregnancy with the IUD still present and the oviducts were removed and searched for embryos. The presence of normally cleaving embryos at the two-cell stage was taken to indicate that fertilization had occurred and all of the seven animals treated in this way had normal embryos in both oviducts.
Determination of the time of contraceptive action In order to determine the time during gestation when copper exerts its con¬ traceptive effect, an experiment was performed to discover up to what time the IUD could be removed without interfering with normal pregnancy. A copper IUD was inserted on the 1st day of pregnancy in the left horns of sixty-three rats and was removed at regular intervals from 14.00 hours on Day 4 to 03.00 hours on Day 5. Autopsies were performed on Day 12 or 14 and the number of viable implantation sites was recorded. Resorbing embryos were not included The results are presented in Table 1 . As the IUD was removed later and later on the evening of Day 4, a steady decline in the number of subsequent implantations was recorded. In groups with few embryos, these were invariably at the cervical end of the horn and never at the site of the IUD. Text-figure 1 shows the time of removal of the IUD plotted against the number of subsequent implantations. The decline in the number of implantation sites recorded for the experimental horns was gradual, so that in no case was the difference between the mean number of surviving embryos in the experimental horn of one group and that of the adjacent group significantly different (0·1< <0·5). The mean number of implantation sites found in all the untreated horns was 5-74. The earliest group in which the mean number of embryos surviving in an experimental horn differed significantly from the mean number of embryos in the corresponding control horn was Group 2 in which the IUD had been removed at 16.00 hours during the evening of Day 4. By 01.00 hours on Day 5, the contraceptive effect was complete and no implantations or even résorption sites were observed in the horn which had carried the copper IUD up to this time.
As the significant period for the contraceptive action of the copper IUD appeared to be included in the 12-hr period between 13.00 hours on Day 4 and 01.00 hours on Day 5, a tenth group of animals was used to determine the effects of exposure of the uterus and embryos to copper for this period. The IUD was introduced into the left horn of ten animals at 13.00 hours on Day 4 of pregnancy and was removed on Day 5 at 01.00 hours. At both times, a sham operation was performed on the control horn to ensure that any reduction in implantation was due to the presence of copper rather than the induction of deciduomata before the expected time of implantation. This is known to occur 20 (Weyant, Randall-Wrenn & Bitman, 1970) . At subsequent autopsy on Day 12, none of the ten animals had implantation sites in the experimental horns, whereas the average number of implantations recorded for the control horns subjected to sham operation was 4-6. Small decidual swellings were found at the position occupied by the copper in the experimental horns of nine animals and at the site of the sham operation in the control horns of three animals.
Determination of the site of contraceptive action It is known that copper interferes with the ability of the uterus to respond to traumatization (Chang et al., 1970, and see Table 2 ) as well as other aspects of uterine function possibly dependent upon the oestrogen release of Day 4 (Hagenfeldt, Plantin & Diczfalusy, 1970; Prager, 1969) . Chang and his coworkers found that, with the copper present throughout pseudopregnancy, the resulting weight of the traumatized horn was 650 mg compared with the intact, non-traumatized horn weight of 167 mg . To show whether exposure of the uterus to copper was able to inhibit the decidual response and thus explain the anti-implantation effect due to similar treatment of the preg¬ nant horn, a copper IUD was inserted into the left uterine horn of five pseudo¬ pregnant animals on Day 2 and both horns were traumatized on Day 5. On Day 10, the animals were killed and their uteri removed. The horns were cleaned of fat and weighed separately. The results confirmed the findings of Chang et al. in that the treated horn had a mean weight on Day 10 of 277 mg compared with the control horn weight of 1161 mg (Table 2) . Intrauterine devices were then inserted into the left uterine horn of ten animals at approximately 13.00 hours on Day 4 of pseudopregnancy. The device was removed from five animals at 01.00 hours and from the others at 13.00 hours on Day 5. Both horns of all animals were traumatized at 13.00 hours on Day 5 and were weighed at autopsy on Day 10. The results (Table 2) show that the presence of the copper for either the 12-hr or for the 24-hr period from 13.00 hours on Day 4 had no effect on the magnitude of the decidual response.
In order to separate the effects of the device on the uterus from its effects on the embryos, an experiment was designed to postpone the uterine changes of pregnancy until after the period of exposure to copper. Ten rats were ovariectomized on the 2nd day of pregnancy and were maintained in delayed gestation by daily administration of progesterone. The copper IUD was inserted for the 48-hr period from Day 5 to Day 7.
Five animals were killed at the time of removal of the device and their horns were searched for viable embryos. Although at least four embryos were found in each control horn, none was found in the experimental horns. The other five animals were given a single dose of 0-1^g oestradiol 24 hr after the removal of the copper when, judging by the results of the previous experiments, any detrimental effects of the copper on the endometrium should have disappeared. No implantation sites were recorded for the experimental horns of these five animals when autopsy was performed 4 days later although an average of 4-8 nidations were observed in the experimental horns. It was concluded that the copper can exert its contraceptive effect in the absence of oestrogen and without its effect on decidual transformation.
The left oviduct of twenty-six females was occluded on the 4th day of preg¬ nancy at various times during the afternoon and evening in an attempt to determine the time of entry of the morulae into the uterus. The number of implantation sites was recorded at autopsy on Day 12. The results showed that most of the embryos had left the oviduct by 18.00 hours on Day 4, which agrees with the findings of De Feo (1965) .
Similar results were obtained with a copper IUD in situ and it is concluded that the tubai transport of ova is unaffected by the presence of the device.
Intact pregnant rats were killed at regular intervals during the evening of the 4th day and early morning of the 5th day. The horns were flushed and the contents searched for embryos. A record was made of the stage of development of the embryos. Three stages were recognized : morula, early (non-cavitated) blastocysts, and late (cavitated) blastocysts. It was found that early blastocysts began to appear at approximately 22.00 hours on Day 4 and, by 06.00 hours on Day 5, all embryos had differentiated into blastocysts. It was noticeable that at any one time, up to three different stages were present in the same uterus; morula, early blastocyst and late blastocyst. This has also been observed by Kraicer (1967) .
DISCUSSION
The first group of experiments showed that, as in the rabbit (Polidoro & Black, 1970) , fertilization in the rat is not prevented by the presence of a copper IUD in the uterine lumen. In this respect, the copper IUD behaves in the same way as the conventional inert device (Doyle & Margolis, 1964) .
The reversibility of the effect of the copper device when removed before 16.00 hours on Day 4 contrasts with the results of Marston & Chang (1964) , who found that removing a braided silk suture from the uterus of their Sprague-Dawley rats between 09.00 and 10.00 hours on Day 3 of pregnancy suppressed implantation to 17% whereas removal of the suture at the same time on the 4th day suppressed implantation entirely. On the other hand, Psychoyos & Bitton-Casimiri (1965) , using Wistar rats, reported implantation sites, albeit reduced in number, in 30% of the horns from which they had removed silk sutures during the evening of the 4th day.
Late on Day 4 of pregnancy in the rat, several major changes are occurring and interruption of any of these by the copper IUD would result in suppression of implantation.
During this time, the ovaries release the oestrogen essential to implantation (Zeilmaker, 1963; Psychoyos, 1967) . This results in the sensitization of the uterus which allows the differentiation of decidual tissue following traumatic stimuli. Interference by the copper IUD with this effect of oestrogen on the uterus is likely to result in a decreased response to artificial trauma, an effect which has been shown to occur in uteri which have carried the copper for a minimum of 3 days , and see also Table 2 ). Copper present for the 12-hr period from 13.00 hours on Day 4 has no such effect. Even after a 24-hr exposure to copper before trauma, the endometrium is able to respond with a reaction producing horns of average weight of 1071-2 mg which, though significantly less than that of the control horns, is within the variation observed after traumatization of normal uterine horns and certainly reflects a uterus able to support implantation (Table 2 ). In any case, the ability of the copper to block implantation was shown to be just as marked in the absence of its effect on the decidual response : exposure of the 'delay uterus' to copper for 48 hr resulted in the death of the embryos and hence no implantation resulted from subsequently administered oestrogen. It is interesting to note at this point that removed the copper IUD from the horns of their rats during the afternoon of Day 4 of pregnancy in order to collect viable 'copper-influenced' blastocysts the next day for successful transfer to 'noncopper-influenced' pseudopregnant recipients. It would appear from the results obtained in the present study that these embryos would have implanted in their own 'copper-influenced' horns.
It is known that embryos at the morula stage enter the uterus early in the evening of the 4th day of pregnancy (De Feo, 1965 , and see text). If embryos enter the uterus singly and are killed as they do so, then removing the IUD at earlier stages during this time could be expected to result in the survival of increasing numbers of ova. However, ligation of the oviducts at various times late on Day 4 showed that in these Wistar rats, the embryos enter the uterus at approximately the same moment (about 18.00 to 19.00 hours) so that all of them would have been exposed to the copper for about the same length of time. showed that embryos entering the uterus in the presence of copper can survive to be transferred on Day 5 provided the IUD has been removed on Day 4. Thus, it seems unlikely that the embryos are killed in this way.
The third major change occurring at this time in pregnancy in the rat is that the morulae develop to the blastocyst form. Flushing the horns of intact pregnant rats during the evening of Day 4 revealed that the transition from morula to blastocyst does not occur simultaneously for all the morulae present in any one horn. Kraicer (1967) reported as many as three different develop¬ mental stages in the same horn at the same time.
The number of animals used in the present study was too small to enable an estimate to be made of the percentage of newly developed early blastocysts likely to be found at a particular time during the evening and night of Days 4/5. However, it appeared that the transition does not become evident in any of the embryos until at least 22.00 hours on Day 4 (4 hr after the entry of the embryos into the uterus) and that all of the morulae have developed into early blasto¬ cysts by 06.00 hours on Day 5.
In rats and mice, uterine horns carrying foreign bodies have been shown to contain an enormously increased number of leucocytes which infiltrate both the endometrial tissue and the uterine lumen (Greenwald, 1965; Marston & Kelly, 1969; Bartke, 1970) . Parr (1969) has already shown that extracts of the leucocytes are able to arrest the development of the rat embryo at the morula stage in vitro. Moore Smith, El Sahwi. Wilson & Moyer (1971) have recently demonstrated the same effect on mouse embryos in vitro. The embryotoxic environment found in copper-carrying uteri could be due to the breakdown products of these leucocytes which have been found in the lumen of horns containing a copper IUD, in concentrations similar to those reported in uteri carrying inert foreign bodies (S. Challoner, personal communication). Attempts on Day 5 of pregnancy to find embryos in the flushed contents of coppercarrying horns have revealed only fragments of embryos or dead and de¬ generating morulae.
Embryos past the morula stage have never been recovered from the treated horns at this time , and personal observation) and it is attractive to suppose that their development to the blastocyst form is prevented in horns carrying the device. Observation of the numbers and stages of embryos flushed from many more intact rats during the evening of the 4th day may reveal a gradual increase in the number of cavitating morulae that parallels the graph of Text- fig. 1 but with a 4to 5-hr time lag. Havrànek, Dyková & Tichy (1967) and Moore Smith et al. (1971) believe that the toxic effect of leucocytic products on the embryos is quantitative rather than qualitative. Thus, if it is supposed that embryos become sensitive to the toxic environment at a particular stage in their development, such as the time of transition to the morula stage, then a gradually decreasing concen¬ tration of toxins in the experimental horn subsequent to the removal of the copper IUD might be expected to affect only those embryos reaching this stage at a time when the concentration is still critical.
The gradual but complete disappearance of embryotoxins within the re¬ quired time of 4 to 5 hr is entirely feasible as a small amount of Evans' Blue (0-05 ml) injected into the oviducal end of the uterus late on the 4th day can be seen to progress along the entire length of the horn towards the cervix, reaching the vagina within 20 to 30 min of injection (A. Psychoyos, personal communication, and personal observation). Parr (1969) estimates that the toxic effect of the leucocytes on the embryos could occur within a few hours so that the exposure of the morulae to the hostile environment, from their time of entry into the uterus at approximately 18.00 hours to the time of disappear¬ ance of the toxins 5 hr later (in Group 3, see text and Text- fig. 1 ), would be long enough for them to be affected.
It is evident that the presence of the copper IUD for the duration of the preimplantation period of pregnancy has an adverse effect on uterine function in that the decidual cell response is entirely reduced ( Table 2 ). The discovery of fluctuating levels of copper ion concentration in the human endometrium (Hagenfeldt et al., 1970) reflects the possible importance of introducing high concentrations of copper ions by means of a copper IUD. Prager (1969) has reported the suppression of DNA and protein synthesis in the endometrium of uteri carrying a copper IUD, and a possible antifertility mechanism involving the effect of copper on the zinc in carbonic anhydrase in the endometrium has been proposed by Kind & Rudel (1971) . These effects on the endometrium may reduce the subsequent viability of embryos managing to survive the toxic effects of the copper IUD and in this way explain the increased effective¬ ness of the copper IUD over the conventional inert IUD as reported by Zipper, Tatum, Pastene, Medel & Rivera (1969) . On the other hand, Parr, Schaedler & Hirsch (1967) have suggested that an inflammatory response alone is enough to account for the lack of implantation and that, since the efficiency of an IUD may be a function of the inflammation caused by its irritating effect on the endometrium, a foreign body less inert than polyethylene might elicit sufficient inflammation to prevent fertilization altogether. Any embryos sur¬ viving the toxic environment resulting from the presence of copper would probably be unable to implant in the inadequately prepared uterus but the deleterious effect of copper on the endometrium is not the initial cause of the failure of implantation if the eggs have already been destroyed.
